Abstract-This paper presents the design, fabrication, and demonstration of a heterogeneous phantom simulating human forearm having an inclusion mimicking a skin cancer. Cortical bone, adipose-muscle, and cancerous tumours are simulated at different layers of our proposed phantom. A number of combinations have been tested for tissue-equivalent dielectric properties and the final design has been selected by considering the similarity of their dielectric properties with the respective human tissues. Ultrawideband (UWB) microwave imaging methods are then applied to the phantom. The S21 parameter measurements are collected in an anechoic chamber environment and processed via Huygens principle (HP) technique. The tumour is successfully detected after applying appropriate artefact removal procedure. S21 subtraction using two sets of measurements has been employed to remove artefacts, i.e. the image of the transmitter. The ability to successfully apply HP to detect and locate a skin cancer type inclusion in a multilayerd cylindrical phantom has been verified.
I. INTRODUCTION
The high percentage of annual mortality rate caused by cancer shows the importance of carrying out further research in this area to achieve an appropriate technique for earlystage cancer detection. In general, there are three known types of skin cancer: Squamous Cell Carcinoma (SCC), Basel Cell Carcinoma (BCC), and melanoma. In the majority of cases (especially BCC and SCC), skin cancers are curable if they are diagnosed at an early stage [1] . A wide range of related research works have been performed for detection of a tumour in the early stage. For this purpose, the dielectric properties of human tissues can be used as an effective and accurate indicator for diagnostic purposes [2] . Early studies [3] have indicated that tumour shows a significant dielectric contrast with respect to healthy tissues in the microwave frequency range. On the other hand, in recent years, there has been a growing interest in the development of imaging methods such as those using the UWB microwave imaging technique for medical applications. Its use of non-ionizing signal, low cost, low complexity and its ability to penetrate through mediums are the benefits of UWB technology which has recently attracted the attention of researchers [4] . Microwave imaging makes use of the difference in dielectric properties between normal and malignant skin tissues for detection purposes [4] .
Several different techniques have also been proposed for tumour detection, among which is the technique based on Huygens principle (HP) [5] , [6] . Up to now, investigations on skin cancer detection has only been studied through analytical simulation [1] .
This study describes the phantom construction development for imaging based on microwave technique to detect the skin cancer. Specifically, we propose the design of multilayer anatomical human phantom which consists of cortical bone, adipose & muscle, and tumour. Several ingredients have been used to mimic different tissues through selection of appropriate materials.
The similarity of the geometric characteristics of each layer of the phantom with the geometry of the desired human forearm has been considered and assessed. In addition, the stability of materials to keep the desired dielectric properties in long-term is investigated. The fabricated phantom has since been used for UWB microwave imaging experiments in an anechoic chamber. It has been shown that Huygens principle technique leads to tumour detection.
II. METHODOLOGY

A. Phantom Fabrication
The phantom presented in this paper, which can be used for UWB imaging experiments with working frequency ranging from 1 GHz to 10 GHz, has been designed as a multilayer phantom and each layer corresponds to a particular part of the forearm. The human forearm consists of many layers, comprising bone, adipose, and muscle. To allow a feasible manufacturing, our proposed phantom has been constructed using three layers, each of which mimics: i) bone, ii) a combination of adipose and muscle tissue, iii) a cancerous tumour represented by an inclusion inside the adipose and muscle layer. The dielectric constant of each layer is given in Table I , where the values have been derived from [7] . A specific recipe has been considered for each layer with the aim of simulating dielectric parameters of human tissues. Our proposed complex phantom contains the following parts: layer of bone, a combination of adipose & muscle (50%-50%) and tumour.
As Fig. 1 and Table II show, three different volumes of the cylindrically shaped container have been used for constructing the phantom and then they have been filled up with different specific materials to represent bone tissue, a combination of adipose & muscle, and tumour. In addition, the external plastic cylinder layer has been assumed to be the skin layer. Constructing the phantom has been performed through the following steps. The small cylindrically shaped container has been filled up with tumour equivalent material. The medium cylindrically shaped container has been filled up with bone equivalent material. Then the tumour and the bone have been placed in the large cylindrically shaped plastic container. In this step, adipose and muscle equivalent materials have been poured to completely fill the remaining space surrounding the bone and the tumour, as shown in Fig. 2 . Each layer of the phantom has been constructed by mixing constituent materials with the appropriate ratio. Bone cortical has been designed to be solid, while the combination of adipose & muscle have been designed as semi-solid and the tumour has been designed a liquid. Moreover, the recipes have been selected by considering the similarity of its dielectric properties and geometric characteristics with human tissue.
Various recipes for tissue-equivalent dielectric properties have been tested to find the best one. Then the best recipe for each layer has been tried more than twice before being finalized. The permittivity properties have been measured more than three times and the average value has been taken. The dielectric constant of each recipe has been checked by using the device described in the next sections. The recipes' alteration concluded when the obtained permittivity value found via the measurement device was the same as the desired permittivity value given in Table I. Table III shows the required ingredients for each recipe which is the most appropriate one for mimicking each tissue due to the fact that its recipe gives the correct dielectric constant value [8] , [9] . The detailed fabrication method for our proposed complex phantom is as follows.
Bone cortical:
1) In the bowl, mix the vegetable oil and flour for 10-15 minutes until all the oil was absorbed by the flour.
2) Then, mix the sugar with deionized water until the sugar was dissolved in the water. 3) Add the solution into the bowl and mix them until it formed a uniform shape. Adipose & Muscle:
1) Flour and vegetable oil were mixed.
2) Then, detergent was added to the mixture and we continued to stir the mixture until it formed a uniform shape.
3) The mixture was put in the fridge overnight. Finally, the tumour has been mimicked through a mixture of Glycerol and water with ratios of 60% and 40%, respectively as given in [10] .
B. Permittivity Measurement Device
The dielectric properties of the tissue-representing phantom materials were measured using the Epsilon dielectric measurement device (Biox Epsilon Model E100 manufactured by Biox System Ltd Company). The Epsilon is an instrument for contact system using a fingerprint sensor that responds to capacitance. It can be used for measurements on isolated soft solids and liquids.
It consists of a base for mounting the probe with its sensor surface horizontal and facing upwards as shown in Fig. 3 . The instrument is calibrated using materials of known dielectric permittivity (dielectric constant ε), to ensure consistent measurements from instrument to instrument and from time to time. The device does not give any information about conductivity. 
C. Measurements in an Anechoic Chamber
Frequency-domain UWB measurements were performed in an anechoic chamber using a Vector Network Analyzer (VNA) arrangement to obtain the transfer function (S21) between two antennas. PULSON antennas, vertically polarized and omni-directional in the azimuth plane were used in freespace, after calibration. The phantom was placed in the center of a rotatable table. Figs. 4 and 5 show the fabricated phantom placed inside the anechoic chamber. In order to exploit the variation of signals at different frequencies, the complex S21 values were recorded over a wide frequency range of 1-10 GHz, employing a frequency step of 5.6 MHz. For each set of measurements, transmitting antenna has been fixed at approximately 10 cm away from the center of table whilst the position of the receiver antenna has been considered 6.5 cm away from the center of table and mounted on a computercontrolled rotating stage with 6 degrees of angular resolution (number of points NPT=60). 
D. Imaging Procedure
The measured signal, i.e., The complex S21 of the VNA are processed through HP procedure. It has been shown in [5] , [11] and [12] that HP is able to identify the presence and location of the dielectric discontinuities inside an object by using only the outside field measurement.
In more detail, referring to We calculate the field inside the cylinder as superposition of the fields radiated by the N PT observation points of eq. (1):
where (ρ, φ) ≡ − → ρ is the observation point, k 1 represents the wave number in free space (due to the presence of receiving antenna in free space) and Δ s is the spatial sampling. In eq.
(2), the string "rcstr" is used to indicate the "reconstructed" internal field, while the string HP indicates that a HP based procedure will be employed. In eq. (2), the Green's function G is used to propagate the field. Assuming we use N F frequencies, it follows that the intensity of the final image I can be obtained through the following equation, i.e. by summing incoherently all the solutions:
To remove artefacts, i.e., the images of the transmitter [5] , [11] , [12] , we employ here the subtraction between S21 obtained using two sets of measurements of the same triplet, using the formula:
with tx m and tx m belonging to the same triplet.
III. RESULTS AND DISCUSSIONS The permittivity of the proposed recipe for each layer of the phantom has been measured separately by placing a small sample of the prepared mixture on the surface of the Epsilon device. Fig. 7 shows the method of measuring the samples' permittivity. The recipe for each layer was finalized when the obtained permittivity was very close to the real permittivity of human tissue (previously shown in Table I ). The obtained permittivity value of the final recipe for each layer of phantom has been collected in Table IV. As can be observed from the results, an excellent agreement was found between the value given in Table IV and the corresponding values given in Table I . It is important to highlight that the measurement device does not give the dielectric value at the frequency of the interest but gives the permittivity values at frequency = 0 Hz. However, it is still suitable for recipes which consist of ingredients that do not experience any change with frequency variation such as oil and flour. Accordingly, since the muscle and bone recipes are constructed mainly by a high percentage of oil and flour, therefore, the obtained measured permittivity with this device at zero frequency has been considered equivalent with its permittivity at a frequency of 5.5 GHz. This does not hold true for glycerol and water mixture [10] , however, the permittivity of such mixture can be derived from [10] , where the conductivity is also given.
Figs. 8a, 8b, 8c, show the microwave images of the phantom when employing eq (2) for individual transmitting positions of 0 • , 5 • , and 10 • , respectively. All the images show the transmitter artefact, which masks the inclusion.
Figs. 8d, 8e, 8f, depict the microwave images of the phantom when employing eq (4), i.e. using the difference between measurements obtained with transmitting position 0 • and 5 • , 5 • and 10 • , 0 • and 10 • , respectively. The inclusion is now clearly detectable in the correct position; in addition, since it is detectable in Figs. 8d, 8e, 8f in almost the same position, we can conclude that it is not an artefact. Fig. 9 refers to the second triplet, and confirms the previous results. Specifically, the inclusion shown in Figs. 9d, 9e , 9f, appears here with a 90 • rotation with respect to Figs. 8d, 8e , and 8f. This is in agreement with our experiments, since the transmitting positions have been synthesized by appropriately rotating the phantom.
IV. CONCLUSIONS
In this paper, the development of a realistic human forearm phantom for skin cancer detection has been described. We have fabricated a phantom using dedicated recipes mimicking layers of cortical bone, adipose & muscle and cancerous tumour. The combination of adipose and muscle has been considered here using a ratio of 50%-50%; future research will be focused on the development of other phantoms that would realize different combination of adipose and muscle, analyzing the impact of the combination ratio in tumour detection. Various recipes were tested for tissue-equivalent dielectric properties and the final recipes have been selected by considering the similarity of its dielectric properties with the human tissues. The phantom is then used for UWB microwave imaging using the Huygens principle. Detection of the tumour has been achieved after removing the artefacts, i.e. the images of the transmitter, through employing a subtraction between S21 obtained using two sets of measurement. This paper verifies that HP can successfully be used to detect and locate a skin cancer type inclusion in a multilayer cylindrical phantom. 
